Wastewater treatment is aimed primarily at reducing pathogens to levels that pose no threat to the general public or, in the case of irrigation, to the end consumers of the crop. Standards and regulations for irrigation with TWW also refer to levels of N, P, and trace elements (USEPA, 2004; World Health Organization, 2006) . Because of the diff erent origins and treatment levels of the wastewater, the chemical properties of TWW used for irrigation can diff er greatly (Feigin et al., 1991; Ben-Hur, 2004; Iannelli and Giraldi, 2011) ; however, TWW diff ers from fresh water mainly in salinity, sodicity, pH, and concentrations of dissolved organic matter (DOM), suspended solids, plant nutrients, and trace elements. Hence, the use of TWW for irrigation can change the chemical, physical, and biological properties of the irrigated soils. Th is study focused on the long-term eff ects of irrigation with secondary TWW on soil chemical properties under semiarid conditions.
Two major risks involved with TWW irrigation are increased soil salinity and sodicity (Balks et al., 1998 ). An increase in soil salinity can reduce plant growth by decreasing the osmotic potential of the soil water, which limits water availability to the plant, and by the accumulation of specifi c ions, such as Cl − , Na + , and B, which may be toxic to the plant (Mass and Hoff man, 1977; Bresler et al., 1982) . It is also expected that longterm irrigation with water that contains high Na + concentrations will change the exchangeable Na percentage (ESP) of the soils in accordance with the Na adsorption ratio (SAR) of the irrigation water and Gapon's equilibrium constant of the irrigated soils (Shainberg and Letey, 1984) . Moreover, TWW may contain organic molecules capable of forming complexes, especially with divalent cations, which, in turn, could increase the ESP of TWW-irrigated soils to even higher values (Metzger et al., 1983; Oster and Rhoades, 1985; Feigin et al., 1991) . Levy et al. (1986) , however, indicated that the high concentrations of K + and NH 4 + in the TWW effl uent can reduce the affi nity of the soil for Na + adsorption, thereby decreasing the eff ect of TWW irrigation on the soil ESP.
Treated wastewater contains relatively high concentrations of organic matter (Feigin et al., 1991; Fine et al., 2002; Ben-Hur, 2004) , and therefore its use for irrigation can alter the contents of solid and dissolved organic matter in the soil. Jueschke et al. (2008) studied the organic matter content of soil profi les (up to 1.8-m depth) from two adjacent fi elds, one irrigated with fresh water and the other with TWW, in four semiarid locations in Israel. Th ey found that the eff ect of TWW irrigation on the soil organic matter content was inconsistent among the various studied sites. Similar inconsistent results were observed by Gharaibeh et al. (2007) for the organic matter content of a topsoil (0-0.4 m) from Ar-Ramtha, Jordan, irrigated with TWW.
Total N stored within a soil profi le can be increased depending on the TWW composition and its loading rate and soil solution chemistry (Feigin et al., 1991; Schipper et al., 1996; Cameron et al., 1997; Degens et al., 2000) . Some studies have reported, however, that irrigation with TWW decreases (Harris and Urie, 1983; Falkiner and Smith, 1997) or does not change (Livesley et al., 2007) the amount of N stored in the upper 1.0 m of the soil compared with irrigation with fresh water. Th ese discrepancies might be a result of diff erences in the capacity of the soil-plant system to assimilate the nutrients supplied by the TWW, which depends on the biological, chemical, and physical properties of the soil, irrigation and crop management, and N losses from the root zone. Under TWW irrigation, the N in the soil is subjected to volatilization losses, plant uptake, denitrifi cation, leaching, and assimilation (immobilization) by the soil microfl ora. Usually, secondary TWW contains approximately 20 to 40 mg L −1 NH 4 -N and 1 to 10 mg L −1 dissolved organic N (DON) (Bar-Tal, 2011) . Th is DON can become available to plants through mineralization and transformation processes due to an increase in organic matter (Bond, 1998) . Its contribution to N availability in the soil is unknown, however, because of the lack of information on the rate of DON mineralization, although its potential is probably high because the C/N ratio of organic matter in TWW is very low (∼5:1). Feigin et al. (1981) estimated the role of denitrifi cation in N losses under irrigation with low-quality TWW in a pot experiment with a clay soil seeded with corn (Zea mays L.). Th ey applied 15 N-tagged NH 4 as (NH 4 ) 2 SO 4 fertilizer and sewage effl uent, and found that when N was applied as (NH 4 ) 2 SO 4 before seeding, the 15 N losses were between 6 and 15% of the amount added, irrespective of the quality of the irrigation water. In contrast, 15 N losses from TWW were 24% of the effl uent's tagged NH 4 -N. Th ey suggested that denitrifi cation was enhanced under effl uent irrigation due to the addition of C and N. Similarly, Master et al. (2003) found that N recovery from secondary TWW irrigation of 1.2-m-deep lysimeters, packed with three soils from Israel and seeded with corn, was 20 to 30% lower than N recovery from similar lysimeters irrigated with fresh water. On the other hand, excess N supply to the fi eld via TWW that is not properly timed with plant uptake may lead to leaching losses of N (mainly as NO 3 − ) below the root zone, potentially polluting the groundwater (Bar-Tal, 2011) . Moreover, the potential for NH 3 losses from TWW-irrigated Mediterranean soils may be high due to the high pH of the soils and TWW (Feigin et al., 1991) . Th is loss can be considerable under sprinkler application but might be very low under drip irrigation.
Irrigation with TWW can increase the amount of P adsorbed on soil particles, absorbed by plants, or leached through the soil profi le (Barton et al., 2005) . Th e P in TWW is composed of inorganic and organic fractions, with the main organic form being phytic acid. Soil particles strongly adsorb both forms of P, with a higher affi nity for phytic acid. Th erefore, P mobility in soil is low, and it is expected that the leaching of organic P will be more limited than that of inorganic P. On the other hand, P adsorption to dispersed mobile colloids may enhance its transport in the soil.
Th e main source of trace elements (mainly B, Mo, and heavy metals) in wastewater is the industrial sector. Because raw wastewater may contain signifi cant concentrations of these elements, prolonged irrigation with this water can lead to accumulation of trace elements in the soil, as found, for example, at the Werribee Farm in Australia (Xiong et al., 2001) . Th is farm has used raw Melbourne wastewater for irrigation since 1893 as a means for its disposal. Secondary treatment of wastewater, however, can reduce the concentrations of some trace elements in the effl uent (Ben-Hur, 2004) by removing some of the suspended solid particles and DOM from the water (Hamilton et al., 2007) and by precipitation of various mineral forms, such as Mn and Fe oxyhydroxides, carbonates, sulfi des, and phosphates (Pierzynski et al., 1990; Basta et al., 2005; Hettiarachchi et al., 2006; Hass et al., 2011) , which are associated with trace elements. Nevertheless, in many cases, the concentrations of trace elements in secondary TWW have been found to be higher than in fresh water (Page and Chang 1985; Feigin et al., 1991; Pescod, 1992; Soff er et al., 1995; Ben-Hur, 2004) . Th is can lead to increased accumulation of some toxic elements in the soil under long-term use of TWW for irrigation, which, in turn, might threaten soil health, plant productivity, and the food chain.
In the last 30 yr, research eff orts have been made to determine the changes in soil chemical properties under TWW irrigation because they can have signifi cant eff ects on agronomic, hydrologic and environmental aspects (e.g., Levy et al., 1986; Feigin et al., 1991; Williamson et al., 1999; Halliwell et al., 2001; Fine et al., 2002; Meli et al., 2002; Ben-Hur, 2004; Dawes and Goonetilleke, 2006; Heidarpour et al., 2007; MoruganCoronado et al., 2008 MoruganCoronado et al., , 2011 Lado and Ben-Hur, 2009; Leal et al., 2009; Chartzoulakis et al., 2010; Tarchouna et al., 2010; Levy and Assouline, 2011; Pereira et al., 2011) . However, most of this work focused on the study of short-time eff ects ( ≤ 3 yr) of TWW irrigation on the upper soil horizons that constitute the root zone (∼1.0-m depth). Consequently, there is a lack of information about the long-term accumulation of nutrients and contaminates in the root zone, and about the leaching of salt, macro-, and microelements from the root zone toward groundwater. Moreover, some studies (e.g., Jueschke et al., 2008; Tarchouna et al., 2010; Pereira et al., 2011) compared the soil properties aft er TWW applications with those of unirrigated soils or took soil samples from adjacent commercial fi elds, one irrigated with fresh water and the other with TWW, while crop, agronomic, and irrigation management were not necessarily similar in all fi elds. In these cases, it is diffi cult to isolate the specifi c eff ects of TWW irrigation on soil properties from those of management. Th erefore, the objective of the present study was to determine the eff ects of long-term (≥7 yr) irrigation with secondary TWW on the chemical properties of deep profi les (≥2.5-m depth) of two soil types under semiarid Mediterranean conditions at controlled experimental sites with orchards irrigated with known sources of fresh water and secondary TWW.
MATERIALS AND METHODS
Th e experiments were conducted in two diff erent grapefruit orchards, one located in the coastal plain (Kibbutz Ramat Hakovesh) and the other in the Yizre'el Valley (Kibbutz Mizra), representing two typical regions in Israel that use secondary TWW for irrigation. Th e two sites are in a semiarid, Mediterranean climate, with annual average rainfall of ∼550 mm occurring from mid-October to mid-April. Th e soils are a noncalcareous, sandy soil (a Typic Haploxeralf ) in the coastal plain and a calcareous, clayey soil (a Chromic Haploxerert) in the Yizre'el Valley. Th e main soil properties in the top 0.25 m of these soils are presented in Table 1 .
Yizre'el Valley Site
Th e grapefruit trees in the orchard in the Yizre'el Valley were planted in 1986 at 2-by 5-m spacing. Th e orchard was irrigated with mini-sprinklers at a discharge rate of 40 L h −1 per emitter, with each sprinkler located between two adjacent trees in the row. Th e average, seasonal irrigation amount was approximately 750 mm, applied from April to October at a frequency of one irrigation event every 3 d. Th e experiment started in 1991 and lasted 10 yr. Two treatments were tested: (i) irrigation with fresh water and (ii) irrigation with domestic, secondary TWW (Table  2) , each treatment in four replicates in a randomized block design. Each experimental plot consisted of 24 trees in four rows. Th e amounts of water applied and the irrigation frequencies for the two treatments were identical. Liquid fertilizer (Shefer 7:3:7, ICL Fertilizers, Israel) was injected into the irrigation water for both treatments at fi nal average, annual amounts of mineral N, P, and K of 300, 57, and 191 kg ha −1 , respectively, in the freshwater treatment and 200, 29, and 249 kg ha −1 , respectively, in the TWW treatment. Th e Shefer 7:3:7 fertilizer also contained Fe, Mn, Zn, Cu, and Mo at concentrations of 300, 150, 75, 11, and 8 mg kg −1 , respectively, combined with ethylenediamine tetraacetic acid (EDTA) chelates.
Coastal Plain Site
Th e grapefruit trees in the orchard on the coastal plain were planted in 1980 at 4-by 6-m spacing. Th e experiment began in 1996 and was run for seven consecutive years, until 2003. Th e irrigation was done using subsurface drip lines placed at a depth of 0.25 m, with one drip line for each tree row, running alongside the trunk bases at a distance of 0.75 m. Drippers with a discharge rate of 3.8 L h −1 per dripper were spaced at 0.50 m along the drip line. Th e trees were irrigated three times a day, 5 d wk −1 ; on the other 2 d, water was not available and the trees were not irrigated. Th e average annual irrigation amount was approximately 615 mm, applied from April through November. Th e experiment included two treatments: (i) irrigation with fresh water and (ii) irrigation with domestic, secondary TWW (Table 2) , each treatment in six replicates in a randomized block design. Each experimental plot consisted of 72 trees in 12 rows. Th e irrigation system, amounts of water applied, and irrigation frequencies in the two treatments were identical. Liquid fertilizer (Shefer 7:3:7) was injected into the freshwater irrigation line only to provide approximately 30 mg N L −1 , which was similar to the average mineral N concentration in the TWW (Table 2) . Th e average annual amounts of mineral N, P, and K applied with the fresh water were 223, 34, and 138 kg ha −1 , respectively, and with the TWW were 251, 45, and 185 kg ha −1 , respectively. In the TWW, organic N made up approximately 33% of the total N content.
Soil Sampling and Analysis
Deep soil cores were sampled down to the 2.5-m depth at the Yizre'el Valley site and to the 4.0-m depth at the coastal plain site at the conclusion of the experiments, approximately 2 wk aft er the end of the last irrigation event (fall 2001 and fall 2003, respectively) . Th e cores were collected using an auger, and each one was divided into contiguous sections. Th e soil from each section was mixed to get a composite sample that represented the soil properties at the average depth of the section.
In the Yizre'el Valley site, six deep cores were sampled, each one at the center of each plot (in the second or third row, one core per plot) within the tree row and at a distance of 0.75 m from the nearest sprinkler (i.e., ∼2 m from the nearest tree). For each core, the depth of each sampling section was 0.2 m in the 0-to 1-m layer and 0.25 m in the 1.0-to 2.5-m layer. At the coastal plain site, in each of the six plots for each treatment, a deep soil core was sampled at the center of the plot (in the third or fourth row, one core per plot), halfway between two adjacent trees in the row. At this site, the depth of the sections into which the core was divided was 0.3 m for the 0-to 1.5-m soil layer and 0.5 m for the 1.5-to 4-m soil layer.
In addition, at the two experimental sites, six shallow cores (three per irrigation treatment) were sampled to a depth of 1.2 m twice a year during the entire experiment: one sampling event was conducted in spring aft er the rainy season but before the fi rst irrigation (1-15 April), and a second sampling event was done in fall, a few days aft er the last irrigation (in the second half of October at the Yizre'el Valley site and in the second half of November at the coastal plain site). Th ese shallow cores were sampled using the same procedure and at the location near the deep soil cores, but in this case the size of each sampling section was 0.30 m. ‡ ND, not determined. § BDL, below detection limit.
Th e soil samples were dried for 48 h in a forced-air oven at 40°C and crushed to pass a 2-mm sieve. Th e mechanical composition of the soil sample was measured using a hydrometer (Gee and Bauder, 1986) , the organic matter content by the Walkley-Black method with applied heat (Nelson and Sommers, 1982) , and the carbonate content by a gasometric method (Nelson and Sommers, 1982) . Available NO 3 -N and NH 4 -N concentrations were determined by soil extraction with 1 mol L −1 KCl (Keeney and Nelson, 1982) and Olsen P by soil extraction with 0.5 mol L −1 NaHCO 3 (Olsen and Sommers, 1982) . Th e extracted NO 3 -N, NH 4 -N, and Olsen P were measured colorimetrically using an autoanalyzer (Quickchem 8000, Lachat Instruments). Soil pastes saturated with double-deionized water were equilibrated for 24 h and then vacuum extracted and fi ltered. Th e electrical conductivity (EC), pH, Na, K, Ca + Mg, B, Fe, Cu, Ni, Zn, and DOM were measured in the saturated soil paste extract, with pH and DOM being determined immediately. Th e Ca and Mg concentrations were measured by titration with EDTA, and Na and K in a fl ame spectrophotometer with the appropriate fi lters. Th e trace elements were determined by inductively coupled plasma-atomic emission spectroscopy aft er adding concentrated HCl to prevent their precipitation. Th e DOM was determined by a Formacs HT combustion total organic C analyzer (Skalar).
Statistical Analysis
Means and standard errors of each soil property were calculated using the values measured in all the cores with the same irrigation treatment at a given soil depth. Th e diff erences between the means of each parameter and depth for the diff erent treatments were tested using a Student's t-test performed at the 0.05 signifi cance level.
RESULTS AND DISCUSSION

Soil pH
Th e pH values of the saturated paste extracts of the soil samples from the deep cores, which were taken in fall 2003 at the coastal plain site (sandy soil) and in fall 2001 at the Yizre'el Valley site (clayey soil) from plots irrigated with secondary TWW or fresh water, are presented in Fig. 1 as a function of soil depth. Irrigation with the TWW increased the pH by 0.3 to 1 unit in the noncalcareous, sandy soil throughout the entire 4-m profi le compared with the soil irrigated with fresh water (Fig. 1) . Th e low buff ering capacity of the noncalcareous, sandy soil and the higher bicarbonate concentration in the TWW than in the fresh water (Table 2) probably caused the pH increase in this soil. Another factor that could cause such an increase was the higher concentration of DON in the TWW, the mineralization of which consumes protons. Th is pH increase occurred despite the high concentration of NH 4 + in the TWW (Table 2 ), the nitrifi cation of which releases protons (Neilsen et al., 1995) . In contrast, in the calcareous, clay soil with relatively high buff ering capacity and low hydraulic conductivity (Lado and Ben-Hur, 2010) , which limits leaching, the increase in pH by TWW irrigation occurred only in the 1-to 1.75-m soil layer.
Soil Salinity and Sodicity
Th e EC values in the saturated soil paste extracts from the deep cores were higher in the TWW-irrigated soils than in the freshwater-irrigated soils down to ∼1-m depth in both the clayey and sandy soils (Fig. 2) , although in the sandy soil the diff erences were signifi cant only in the upper 0.3 m. Th is greater accumulation of salts in the TWW-irrigated vs. freshwater-irrigated soils was mainly a result of the higher EC in the irrigated TWW than in the fresh water (Table 2) . Th e high evapotranspiration during the irrigation season left most of the salts from the water in the soil and consequently led to their accumulation in the root zone (Rhoades et al., 1973) . Some of these accumulated salts, however, could be leached by the rainwater into deeper layers during the winter. Th erefore, the higher salt content in the TWW-irrigated than the freshwaterirrigated soils (Fig. 2) could be a result of a seasonal accumulation of salts during the previous irrigation season or a persistent salt accumulation resulting from years of irrigation with TWW. To determine which of these two phenomena had occurred, the EC values of the TWW-and freshwater-irrigated soils were evaluated for the entire experimental period at diff erent depths in the shallow cores sampled in the fall and spring, and are presented in Fig. 3 for the sandy and clayey soils. In general, no persistent salt accumulation was found in the upper 1.2 m of either irrigated soil (Fig. 3) . At the two experimental sites, average annual precipitation is ∼550 mm, falling mostly in the winter. Th is amount of rainfall was enough to leach the salt accumulated during the irrigation season from the upper soil layer (0-1.2 m). Th ese results are in agreement with those found by Ben-Hur (2004) in sandy-clay and clayey soils in fi elds with annual crops irrigated with secondary TWW. Th ese latter fi elds were located in regions with average annual rainfall of ∼500 mm falling in the winter. In addition, in the deep cores taken in the present experiment, no salt accumulation was observed at soil depths >1.5 m in the plots that were irrigated with TWW at either experimental site (Fig. 2) . Th e results in Fig. 2 and 3 indicate that most of the salt that accumulated in the root zone during the irrigation season with TWW was leached down to at least 4 m in the sandy soil and 2.5 m in the clayey soil by the winter precipitation.
It can be concluded from these EC fi ndings ( Fig. 2 and 3 ; Ben-Hur, 2004 ) that in semiarid regions with >500 mm of annual rainfall, the precipitation is suffi cient to prevent long-term salt accumulation in the root zone in areas cultivated with orchards or fi eld crops irrigated with secondary TWW. Th e high salt leaching from these fi elds can reach the groundwater, however, and consequently become an environmental hazard.
Th e SAR values in the saturated paste extracts of soil samples from the deep cores taken from the two sites irrigated with TWW or fresh water are presented in Fig. 4 . Th e SAR values under TWW irrigation were higher than under freshwater irrigation down to at least 4.0 m in the noncalcareous, sandy soil and 0.7 m in the calcareous, clayey soil (Fig. 4) . Th e average SAR values in the waters used for irrigation in the coastal plain and Yizre'el Valley sites were 3.8 and 4.8, respectively, in the secondary TWW and 1.5 and 2.5, respectively, in the fresh water (Table 2) . Th e high SAR values in the TWW increased Na adsorption on the exchangeable complex in both soils and consequently increased their SAR values. Th is increase in SAR values from irrigation with TWW to a deeper soil depth in the noncalcareous, sandy soil than in the calcareous, clayey soil appeared to be due to two main factors: (i) the lower clay content and cation exchange capacity in the sandy soil allowed deeper movement of the Na + ions than in the clayey soil (U.S. Salinity Laboratory Staff , 1954; Shainberg and Letey, 1984) ; and (ii) dissolution of CaCO 3 in the calcareous, clayey soil leads to an increase in Ca 2+ ions in the soil solution, which compete with Na + for exchangeable sites, thus limiting the SAR increase in this soil (Agassi et al., 2003; Lado et al., 2005) .
Th e hydraulic properties of the soils irrigated with TWW and having high SAR values (Fig. 4) were not expected to deteriorate during the irrigation season because of the relatively high electrolyte concentration of this water (Table 2) (Lado and Ben-Hur, 2010) . Th e structure of the clayey soil and its hydraulic properties could be degraded, however, when the soil was leached with rainwater (close to distilled water) during the rainy season, as reported by Ben-Hur (2009, 2010) . Nevertheless, this potential degradation of soil structure should be limited to the 0-to 0.7-m soil layer (Fig. 4) . Moreover, the high concentrations of Na + in the solution of the soils irrigated with TWW could be toxic to certain sensitive crops, which, in turn, could result in impaired plant growth and yield (Bresler et al., 1982) .
Soil Organic Matter
Th e total organic matter contents in the soil and DOM concentrations in the saturated paste extracts of the samples from the deep cores taken at the two sites under secondary TWW or freshwater irrigation are presented in Fig. 5 . Irrigation with secondary TWW increased the total organic matter content slightly, but not signifi cantly, in the ∼1-to ∼3-m soil layer in the sandy soil compared with irrigation with fresh water (Fig. 5a ). In contrast, in the clayey soil, the total organic matter contents in the TWW-and freshwater-irrigated soils were similar in the profi le down to the 2.5-m depth (Fig. 5a ). Irrigation with secondary TWW, which contained relatively high concentrations of organic matter (Table 2) , added organic matter to the soil, but the addition was negligible compared with the total organic matter in the soil profi le (Fig. 5a) . Jueschke et al. (2008) studied the eff ect of irrigation with secondary TWW on the soil organic matter content at four locations in a semiarid region of Israel. Th ey found that at three of the studied sites, the organic matter content in the subsoil (0.2-1.8 m) was lower in the fi elds irrigated with secondary TWW than in those irrigated with fresh water. Th ey attributed these results to a "priming eff ect" through which the irrigation with TWW provided nutrients that stimulated the microbial activity in the soil, which in turn enhanced organic matter decomposition in the subsoil. At the two experimental sites in the present study, however, a priming eff ect with respect to total organic matter was not observed (Fig. 5a) .
Th e DOM concentration in the saturated paste extract of the sandy soil down to ∼3-m depth was slightly, but not signifi cantly, lower under secondary TWW irrigation than under freshwater irrigation (Fig. 5b) . In the clayey soil, no diff erences in DOM concentrations were observed between TWW and freshwater irrigation in the 0.6-to 2.5-m soil layer (Fig. 5b) . In the 0-to 0.5-m layer of the clayey soil, however, the DOM concentrations were lower under TWW than freshwater irrigation, and this diff erence was statistically signifi cant in the top 0 to 0.1 m (Fig. 5b) . Th e lower DOM concentration in the TWW-irrigated vs. freshwater-irrigated soils was probably a result of priming eff ects for DOM concentration in the soil solution. Th e higher degradation rate of the DOM than the solid organic matter in the soil was possibly the reason why a priming eff ect was more pronounced in the DOM (Fig. 5b ) than in the total organic matter content (Fig. 5a ).
Macronutrients
Th e fate of macronutrients in the soil profi le as a result of long-term irrigation with TWW is highly dependent on plant uptake, macronutrient mobility, and reactions in the soil and their leaching below the root zone during and aft er the irrigation season (Bar-Tal, 2011; Bar-Yosef, 2011) . Th e predominant N form in the secondary TWW was NH 4 + , and the NO 3 -N concentrations in the TWW were lower than in the fresh water (Table 2 ). Because the Mediterranean climate favors nitrifi cation of NH 4 + , however, the dominant N species in the soil solution became NO 3 − soon aft er irrigation with the TWW, as refl ected in Fig. 6a to 6d . Similar results have been reported by Feigin et al. (1991) . Irrigation with secondary TWW has been shown to alter the population of NH 3 oxidizers in the soil (Oved et al., 2001 ) to a potentially more effi cient one down to a depth of 0.65 m. Th is change in the microbial population might also contribute to the strong appearance of NO 3 − in the soil solution under TWW irrigation (Fig. 6a and 6b) .
Th e average annual amounts of mineral N applied to the plots with sandy soil at the coastal plain site under freshwater and TWW irrigation were 223 and 251 kg ha −1 , respectively, which is close to the annual N demand of grapefruit (200 kg ha −1 ) (Dasberg, 1987) . Th e higher N concentration in the TWWirrigated vs. freshwater-irrigated soil, particularly in the top 1-m layer (Fig. 6a) , appeared to be a result of the relatively high organic N concentration in the TWW, which was not taken into account in the calculation of the N fertilization. In the clayey soil, the NO 3 -N concentration was, in general, signifi cantly higher in the TWW-irrigated vs. freshwater-irrigated soil throughout the 2.5-m profi le (Fig. 6b) . At this site, the average annual mineral N application in the TWW-irrigated plots (from fertilizer plus N in the TWW) was high, about 590 kg ha −1 , compared with 300 kg ha −1 in the freshwater-irrigated plots. In addition, the annual N applications in the TWW-and freshwaterirrigated plots were above the annual N uptake by grapefruit (Dasberg, 1987) . Th is high concentration of applied N caused the signifi cantly higher NO 3 -N concentration in the TWW-irrigated vs. freshwaterirrigated soils and the large amount of NO 3 − leaching down to 2.5 m in the two irrigation treatments (Fig. 6b) . Th ese results indicate the importance of proper fertilizer management when irrigating with TWW in order to prevent NO 3 − leaching from the root zone and reaching the groundwater.
Th e PO 4 -P concentrations in the secondary TWW used for irrigation at the coastal plain and Yizre'el Valley sites were 7.5 and 13.7 mg L −1 , respectively, while the PO 4 -P concentration in the fresh water was 0.04 mg L −1 ( Table 2) . Application of P by irrigation and high P fertilization, which exceeded crop uptake, led to the accumulation of Olsen P in the upper 1.5 m of the sandy soil (Fig. 6e ) and in the upper 0.5 m of the clayey soil (Fig. 6f ) . Vertical movement of P in the soil is controlled mainly by its retention by clay minerals, Fe and Al oxides, and soil organic matter and precipitation as insoluble minerals (Bar-Yosef, 2011) . Because the contents of all of these components, as well as the pH, were higher in the clayey soil than in the sandy soil (Table 1 ; Fig. 1 ; Singer, 2007) , the downward movement of Olsen P in the clayey soil was less than that in the sandy soil ( Fig. 6e and 6f ) . Th e Olsen P concentrations were higher in the TWW-than freshwaterirrigated soils for the two soil types (Fig. 6e and 6f ) due to the higher annual P application (from fertilizer plus P in the irrigation water) in the TWW-than freshwater-irrigated plots, although the diff erences were not statistically signifi cant in the clayey soil. Th is long-term accumulation of P in the upper soil layer under TWW irrigation might aff ect future land use due to the sensitivity of certain plant species to high P concentrations (Bond, 1998) ; however, the higher P application with TWW irrigation had only a minor eff ect on the downward P movement in the sandy and clayey soils ( Fig. 6e and 6f ). Th erefore, the risk of increased P leaching into the groundwater due to long-term irrigation with TWW in soils with >10% clay content is likely to be negligible.
Like P, K also accumulated in the soil profi les, the zone of accumulation being the soil layer above the 1.0-m depth in the sandy soil (Fig. 6g ) and above 0.5 m in the clayey soil (Fig. 6h) . Th e high clay content in the clayey soil and the high affi nity between K ions and clay particles resulted in most of the K supplied with the irrigation water and fertilizer being retained in the upper layer of the profi le in the clayey soil, while in the sandy soil the low clay content resulted in its movement to a deeper layer. Th e higher annual K application (from fertilizer plus K in the irrigation water) under TWW vs. freshwater irrigation signifi cantly increased the K concentration in the sandy soil irrigated with TWW relative to the same soil irrigated with fresh water down to the 1.0-m depth (Fig. 6g) . In contrast, the higher annual K application in the TWW vs. freshwater irrigation had an insignifi cant eff ect on the K concentration in the saturated paste extract of the upper 0-to 0.1-m layer in the clayey soil (Fig. 6h) . Th e high clay content and the dominance of smectites in the clay fraction of this soil (Table 1) probably contributed to fi xation of the excess K and limited its solubility in the saturated paste extract.
Trace Elements
Th e concentration of B and representative heavy metals (Cu, Fe, Ni, and Zn) in the TWW used for irrigation at the coastal plain and Yizre'el Valley experimental sites are presented in Table 2 . Th e heavy metal concentrations were relatively low and within the levels permitted for irrigation according to FAO guidelines (Ayers and Westcot, 1985) . In contrast, the B concentrations in the TWW at the two sites were relatively high. Th e low concentrations of the studied heavy metals was mainly because they are mostly associated with suspended solids in municipal wastewater (Brown and Lester, 1979) , and as a consequence, secondary treatment schemes tend to exhibit high rates of heavy metal removal (Ben-Hur, 2004; Oliveira et al., 2007) . Sources of B in domestic wastewater include mainly human excretions and detergents and laundry powders, and its removal rate in the secondary treatment plant is very low (Ben-Hur, 2004) ; consequently, its concentrations in the secondary TWW were relatively high (Table 2) .
Th e concentrations of B, Cu, Fe, Ni, and Zn in the saturated paste extracts of soil samples from the deep cores taken at the two sites under irrigation with secondary TWW or fresh water are presented in Fig. 7 . Irrigation with TWW increased B concentrations in the top 1.75-m layer in the sandy soil ( Fig.  7a ) and in the top 1-m layer in the clayey soil (Fig. 7b) et al. , 1985) . In the soil, these B species adsorb mainly to clay minerals, sesquioxides, organic matter, and CaCO 3 (Yermiyahu et al., 2011) . Th is adsorption limited the movement of B in the soil profi le in the two soil types aft er long-term irrigation with secondary TWW (Fig. 7a and 7b) . Because the clay, sesquioxide, organic matter, and CaCO 3 contents were higher in the clayey soil than in the sandy soil (Table 1; Singer, 2007) , the downward movement of B was more limited in the former than the latter ( Fig. 7a and 7b) . Th e large accumulation of B in the upper layer of the TWW-irrigated soils can be toxic to some crops (Goldberg et al., 2003; Edelstein et al., 2005 Edelstein et al., , 2007 Yermiyahu et al., 2011) , potentially restricting the reuse of secondary TWW for crop irrigation. Currently, to prevent high B concentrations in the TWW used for irrigation in Israel, the B content in Israeli laundry powders is restricted (Tal, 2006) . Long-term irrigation with the secondary TWW had, in general, only minor eff ects on the heavy metal concentrations in the sandy and clayey soils (Fig. 7) ; no signifi cant diff erences were observed between the TWW and freshwater irrigation with respect to concentrations of Cu ( Fig. 7c and 7d) , Ni ( Fig.  7g and 7h ), or Zn ( Fig. 7i and 7j ) in either soil. In contrast, the concentrations of Fe in the upper 0.5-m layer of the sandy soil were signifi cantly lower and in the 0-to 1.5-m layer of the clayey soil were slightly lower in the TWW-than freshwater-irrigated soils ( Fig. 7e and 7f ) . Th is is probably because the high DOM concentration in the TWW (Table 2) formed complexes with Fe, increasing its solubility in the soil solution and downward leaching and thus decreasing its concentration in the measured soil profi les.
SUMMARY AND CONCLUSIONS
Most of the previous studies on the eff ect of TWW irrigation on soil chemical properties analyzed the short-time eff ects (≤3 yr) of TWW irrigation on the upper soil horizons (≤1.5-m depth). In contrast, the present study investigated the long-term (>7 yr) eff ects of domestic TWW irrigation on chemical properties of deep soil profi les (≥2.5 m).
Increases in soil salinity in the short term and at shallow depths when using TWW for irrigation have been reported (e.g., Heidarpour et al., 2007; Leal et al., 2009; Tarchouna et al., 2010; Morugan-Coronado et al., 2011) . In the present study, a shortterm increase in salinity was also observed in TWW-irrigated soils compared with freshwater-irrigated soils but was limited to the upper 1-m depth. It was also found, however, that this shortterm eff ect does not result in a persistent salt accumulation when the annual rainfall exceeds 500 mm, irrespective of the type of soil, because this amount of rain is enough to leach the salts down the profi le. Th e leached salts could reach the groundwater, however, and consequently become an environmental hazard.
In general, SAR values in TWW are higher than in fresh water used for irrigation. As a result, several studies found an increase in soil sodicity when irrigation was conducted with TWW (e.g., Balks et al., 1998; Halliwell et al., 2001; Gharaibeh et al., 2007; Mandal et al., 2008) . In the present work, we observed that this eff ect varied according to the soil type. Th e diff erences between freshwater-and TWW-irrigated soils reached a deeper soil layer in the sandy (at least 4.0 m) than in the clayey soil (0.7 m), probably due to the high permeability, low clay content, and low cation exchange capacity of the sandy soil that favored the downward movement of Na. Moreover, in the clayey soil, the dissolution of CaCO 3 can increase the Ca 2+ concentration in the soil solution, limiting SAR diff erences in this soil.
While other researchers have reported increases or decreases in soil organic matter with TWW irrigation ( Jueschke et al., 2008; Tarchouna et al., 2010; Morugan-Coronado et al., 2011) , in the present work we found that total soil organic matter was not aff ected by TWW irrigation despite the higher organic matter concentration in the TWW than in the fresh water. Only a slight decrease in DOM concentration was observed in the 0-to 0.5-m layer of the clayey soil, indicating a possible priming eff ect through the addition of easily degradable organic compounds with the TWW. Th is results from the complexity of organic matter evolution in the soil and suggests that aft er a secondary treatment, diff erences in soil management can be more relevant for organic matter behavior than the additions of organic matter with TWW, as reported by Morugan-Coronado et al. (2011) .
An increase in soil nutrients under TWW irrigation was observed in both soils. Our results diff er from those of Heidarpour et al. (2007) and Morugan-Coronado et al. (2008) for short-term experiments and are similar to those of Howe and Wagner (1999) . In the two studied soils, the NO 3 -N concentration was, in general, higher in the TWW-than the freshwater-irrigated soil throughout the profi le at both sites. Th e leached NO 3 − could reach the groundwater and cause its contamination; however, this problem could be solved with a proper adjustment of the N fertilizer supplied with the TWW according to the requirements of the plants. In the upper 1.0 m of the two studied soils, the Olsen P and K concentrations were higher in the TWW-than freshwater-irrigated soils due to higher annual P and K application (from fertilizer and irrigation water) with the TWW. As the pH, clay mineral content, Fe and Al oxides, and organic matter were higher in the clayey than in the sandy soil, the downward movement of P and K in the former soil was more limited than in the latter one. Th e long-term accumulation of P in the root zone might aff ect future land use for sensitive crops. On the other hand, due to its low mobility, P leaching to the groundwater under long-term irrigation with TWW is likely to be negligible in soils with >10% clay content.
Th e higher B concentration in the TWW than in the fresh water used for irrigation increased the B concentration in the top 1.75-and 1.0-m layers of the sandy and clayey soils, respectively, a phenomenon that could be potentially toxic to some sensitive crops. In contrast, long-term irrigation with TWW had insignifi cant eff ects on Cu, Ni, and Zn concentrations and only slight eff ects on the Fe concentration in the irrigated soils. It appears that a secondary treatment removed most of the heavy metals from the TWW, and at those low concentrations and application rates (<800 mm of TWW each year), accumulation of those elements in the soil was negligible.
In summary, due to the length of the experiment, the management, and the depth of soil sampling, the results presented in this work add new information for the proper use of TWW irrigation, minimizing the potential environmental risks derived from the accumulation of salts and macro-and microelements in the root zone and from their downward movement toward the groundwater.
